wide range of analytical techniques has been developed in order to identify organic contaminants often p resent at trace levels in env i ronmental samples. These techniques account mainly for Gas Chromatography (GC) and High Pe r fo rmance Liquid Chro m at ograp hy (HPLC). Since polar, n o n -vo l at i l e, t h e rm a l ly unstable or h i g h -m o l e c u l a r-weight compounds are unsuitable for Gas Chromatography-Mass Spectrometry (GC-MS) analysis, the use of LC-MS has become a robust and routinely applicable tool in env i ronmental lab o rat o ries [1] [2] [3] . The perfo rmance of LC-MS to analyze polar and thermally labile pesticides that are not amenable for GC-MS is we l l demonstrated in several studies [4, 5] .
The initial incompatibility between LC and MS has been solved by different interfaces. The development of thermospray (TSP) and particle beam (PB) overcame some of the initial interface shortcomings allowing the analysis of chlori n ated phenox yacid herbicides, a zo dye s , n i t roso compounds, and organophosphorus pesticides [6] . Although TSP has been widely used in many applications, its main disadvantage is the lack of structural information for the confirmation of unknown compounds. Thermospray spectra often fail to provide sufficient fragmentation for compound confirmation. On the other hand, PB is useful for identifying unknown compounds although it cannot ionize non-volatile compounds and does not offer enough sensitivity for ppt level determinations. Moreover, the linearity of the response and the sensitivity using PB is limited at trace levels of concentration.
The US EPA has published two methods involving PB [7, 8] and one involving TSP [9] . Method 553 involves the extraction of 1 L of water sample by liquid-liquid extraction (LLE) with dichloromethane or solid-phase extraction (SPE) followed by LC-PB-MS. Similarly, method 8325 also uses PB-MS but in this case the method is applied to waste water m at rices. In this method it is indicated that the limits of detection (LOD's) are compound and matrix dependent. In this sense, LC-PB-MS has been implemented by the US EPA especially for the possibility of identifying unknown analytes in complex waste water samples using the power of e l e c t ron impact (EI) spectra. The comparison of two US EPA methods, one using GC-ECD and the other one using LC-PB-MS was carried out for the determination of various acidic chlorinated acids in water [10] . An advantage of LC-MS over GC-ECD was noticed in the determination of 4-n i t rophenol and 3,5-dich l o ro b e n zoic acid, wh i ch offe re d derivatization problems under the current US EPA method. The last method released by the US EPA involving LC-MS incorporates a TSP interface [9] . This method is applicable to the determination of a wide range of analytes, including dye s , o rga n o p h o s p h o rus pesticides, ch l o ri n ated acids and carbamates in waste water, ground water and soil/sediment matrices.
In the last few ye a rs , i n t e r faces based on at m o s p h e ri c pressure ionization (API) have experimented an increase in the number of ap p l i c ations for env i ronmental determ i n ations. In this re s p e c t , A t m o s p h e ric Pre s s u re Chemical Ionization (APCI) has recently become the most universal technique for environmental analysis due to the high sensitivity, the possibility of detecting a broad range of analytes and the useful structural information obtained via fragment ation similar to collision induced dissociation (CID) [11] [12] [13] . Compared with TSP and PB, APCI offe rs both structural confirmation and high sensitivity for target compounds in environmental samples. The types of API interfaces ava i l able are : A P C I , E l e c t ro s p ray (ESP) and High-F l ow Pneumat i c a l ly Assisted Electro s p ray or Ion Spray (ISP). The major differences between the last two interfaces, for routine pesticide analysis, is that in conventional ESP only 20 − 50 µL/min are directed to the MS source, so it is necessary to split the LC-flow, whereas in ISP up to 0.3 − 0.4 mL/min can be handled by the ISP interface, with no need for splitting the LC eluent. Both type of interfaces provide an ionization of the molecules, caused mainly by ion evaporation (around 90%), with a sensitivity sufficient for the trace analysis of pesticides in natural waters, where concentrations are frequently below the µg/L level. This interface is very useful for polar and thermally labile compounds; on the other hand, semipolar analytes are not easily ionized by this type of interface. One of the great advantages of the ESP interface is its high sensitivity for ionic pesticides such as many herbicide metabolites containing a sulfonic or a carboxylic group in the chemical structure [14, 15] .
Sample handling
Since many pesticides present in env i ronmental samples, such as water and sediments, are present at low concentration levels it is necessary to carry out a previous step for their enrichment before their LC-MS determination. In this sense, sample preconcentration is necessary in order to reach the low detection limits required in environmental analysis.
As rega rds the SPE of pesticides from water samples, there exists several automated sample preparation stations, wh i ch decrease the time and cost of sample prep a rat i o n . There are two different types of trace enrichment methodo l ogi e s : o ff-line and on-line pro c e d u res. In an off -l i n e methodology one aliquot of the extract containing the pesticides is injected into the liquid chromatograph whereas in an on-line methodology the entire fraction of the sample retained in the cart ri d ge is analy ze d, thus leading to less manipulation of the sample and higher sensitivity [16] . The concept of this system is that a sample is being pumped and p rocessed onto the SPE cart ri d ge while the liquid ch romatograph is processing the preceding sample. The SPE cart ri d ge is then eluted dire c t ly onto the HPLC column, increasing the detection limit of the entire method.
There are a wide variety of solid-phase extraction sorbents such as C 18 or polymeric ones that are suitable for the determination of pesticides at the 0.1 µg/L level in drinking water (re q u i red by the Drinking Water Dire c t ive of the Commission of European Commu n i t y, DWD-CEC) [17] . Recently, immunoaffinity sorbents have been developed for the selective trace pre-concentration of triazine and phenyl u rea herbicides from env i ronmental samples [18] . Immunosorbents are constituted of polyclonal or monoclonal antibodies cova l e n t ly bound to a silica sorbent. Ta k i n g advantage of the cross-reactivity of a specific antibody it is possible to extract many compounds of the same family. In this sense, the antibodies can recognize the antigen and other compounds with similar structures, thus increasing the selectivity of the preconcentration step.
APCI vs. PB
A comparison between APCI and PB in both positive and negative modes of operation was carried out for the determ i n ation of a va riety of pesticides of diffe rent ch e m i c a l n at u re [19] . An automated SPE dev i c e, O S P -2 , was connected on-line with the gradient pumps of the HPLC-MS system. Water samples were pre-concentrated on disposable p re-columns (Merck) prep a cked with 10 µm LiChro s p h e r Si100 RP-18 and further analyzed by APCI-MS and PB-MS. Tables I and II show the major ions obtained after the analysis by APCI-MS under positive and negative acquisition mode and after the analysis by PB-MS under electron impact mode respectively. As it can be observed in table I, mass spectra for the triazines and pheny l u reas obtained under APCI conditions showed molecular mass information but little fragmentation was observed. However, it is possible to increase the degree of fragmentation by increasing the cone voltage although a decrease on sensitivity is noticed and no molecular mass information is obtained under those conditions. For triazine and phenylurea herbicides the sensitivity was higher under positive ion mode than in negative ion mode of operation. On the other hand, for organophosphorus pesticides an important fragmentation was achieved after their analysis by APCI-MS. Moreover, the sensitivity encountered for these compounds was higher in negative ion mode than in positive ion mode as previously reported [20] . As shown in table II, an important frag m e n t ation wa s obtained after the analysis by PB-MS under electron impact ionization as compared with the results obtained by APCI. In general, EI provides more structural informative spectra than A P C I , ex c ept for orga n o p h o s p h o rus pesticides fo r which in APCI spectra different ions appear. The advantage of using EI is that it generates library searchable spectra and thus it is helpful for analyte identification.
From the results obtained comparing PB and APCI, it can be pointed out that when using PB a better identification of unknown compounds can be obtained due to the availability of EI library searchable spectra. On the other hand, APCI is a ve ry va l u able technique due to its higher sensitivity as compared with PB and also a good structural information can be obtained after the optimization of some parameters such as the cone voltage.
In figure 1 typical chromatograms obtained after the percolation, on a C 18 cartridge, of 200-mL of tap water sample spiked at 0.04 µg/L level under APCI using Time-Schedule Selected Ion Monitoring (SIM) conditions in positive and negative acquisition modes are shown. In comparison with PB, APCI was shown to be much more sensitive in terms of detection limits and with a higher linear range.
ESP vs. APCI
Chloroacetanilide herbicides, acetochlor, alachlor and metolachlor are known to degrade more quickly in soil than triazine herbicides. So that, the occurrence of chloroacetanilide metabolites in surface water and groundwater is a common fact [21] . Moreover, studies of metabolites of parent herbicides are critical to understanding the fate and transport of herbicides applied to soil. For these re a s o n s , c o n t i nu e d development of reliable and sensitive methods of analysis for metabolites are ve ry important. One re l at ive ly new method of analysis of ionic metabolites in water is the use of LC-MS by means of ISP ionization. Since Electrospray ionization occurs by means of ion evaporation from the liquid phase, it is expected that those compounds already in ionic form in solution can be detected with a high sensitivity using this type of interface. According to this, a new analytical method was recently developed for the analysis of the oxanilic and sulfonic acids of the chloroacetanilide herbicides in surface and gro u n dwater samples [15] . Th e s e metabolites could be measured with great sensitivity with detection levels of 0.01 µg/L for a 100-mL water sample and this study represented the first confirmation of these metabolites in env i ronmental wat e rs of the Midwe s t e rn United States using LC-MS.
Di Corcia et al. [22] showed the applicability of the ESP i n t e r face for the determ i n ation of seve ral metabolites of atrazine at the sub ppt level of concentration in river water samples. In this work, limits of detection ranging from 0.03 to 0.14 ng for atrazine and its six major degradation products in environmental waters were achieved.
Immunosorbents coupled on-line to LC-MS were applied to the trace determination of several triazine and phenylurea herbicides in sediment and water samples [23] . By this approach, a selective extraction method using immunosorbents for the preconcentration of the samples can be combined with a highly sensitive detection system such as LC-APCI-MS with selected ion monitoring. This methodology allows for the determination of organic pollutants at the low nanogram per liter level using small preconcentration sample volumes. Triazine and phenylurea herbicides do not present a major fragmentation under APCI conditions although the molecular mass information and the sensitivity obtained are sufficient for trace level determinations in environmental samples using this type of interface. In figure 2 
General recommendations
In table III the limits of detection obtained using different interfaces are compared. In general terms, LC-APCI-MS and LC-ESP-MS are the most sensitive detection methods for the a n a lysis of polar pesticides in env i ronmental samples. Moreover, the robustness of these techniques is superior to TSP or PB interfaces as it has been discussed before.
Finally, in table IV it is summarized the capabilities of APCI and ESP or ISP for the determination of various pesticide groups. As it can be seen in this table, polar pesticides or molecules with an acidic or basic site are best detected using an ion evap o ration ionization process by means of e l e c t ro s p ray wh e reas less polar compounds can be best addressed using an APCI interface.
Conclusions
LC-MS is the preferred technique for the identification and quantification of polar and thermally labile compounds that a re not GC amenabl e. Th e rm o s p ray interface has been widely used but it is not very useful for the identification of unknown compounds due to its lack of structural information. On the other hand, Pa rt i cle Beam and A t m o s p h e ri c P re s s u re Chemical Ionization interfaces provide suffi c i e n t fragmentation for identification of unknown compounds in environmental samples. In this sense, many compounds give similar spectra for PB and APCI whereas for some other compounds such as organophosphorus pesticides, different spectra are obtained. In general, with the APCI interface a greater number of compounds may be determined than with the PB interface. Moreover, the linearity and sensitivity is better using the APCI interfa c e. Fi n a l ly, the Electro s p ray interface is a very useful technique for the analysis of ionic m e t abolites of parent compounds such as triazine and chloroacetanilide herbicides showing a high sensitivity for the determination of traces of pesticides in environmental samples.
Compound

HPLC-LC-LC-LC-ESP/ UV PB-MS APCI-MS ISP-MS
